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I 
إھداء
 اﻟرﺣﯾم اﻟرﺣﻣن ﷲ ﺑـﺳم
(411 أﯾﺔ – طﮫ )ﺳورة َوﻗُل رﱠ بﱢ ِزْدﻧِﻲ ِﻋْﻠًﻣﺎ
 ،،اﻟّﺮﺳﺎﻟﺔ ھﺬه أھﺪي
 -ﺟﻨﺎﻧﮫ ﻓﺴﯿﺢ وأﺳﻜﻨﮭﺎ ﷲ رﺣﻤﮭﺎ -  واﻟﺪﺗﻲ ﻟﻰإ
 ﺑﺎﻟﺘﻮﻓﯿﻖ ﻟﻲ اﻟﻤﺴﺘﻤﺮ ودﻋﺎﺋﮭﺎ اﻟﺼﺎﻟﺤﺔ وﺗﺮﺑﯿﺘﮭﺎ ﺣﻤﻠﻲ ﻓﻲ ﺗﻌﺒﺖ اﻟﺘﻲ
-ورﻋﺎه ﷲ ﺣﻔﻈﮫ - واﻟﺪي ﻟﻰإ
 ﺗﻌﻠﯿﻤﻲ ﻋﻠﻰ وﺣﺮﺻﮫ اﻟﻤﺴﺘﻤﺮ ودﻋﻤﮫ اﻟﺼﺎﻟﺤﺔ ﻟﺘﺮﺑﯿﺘﮫ
 - ورﻋﺎھﺎ ﷲ ﺣﻔﻈﮭﺎ -   ﻧﺎدﯾﺔ ﺧﺎﻟﺘﻲ إﻟﻰ
 اﻟﻤﺴﺘﻤﺮ ودﻋﺎﺋﮭﺎ ﻟﺪﻋﻤﮭﺎ اﻟﺜﺎﻧﯿﺔ أﻣﻲ
أﺧﻮاﺗﻲ و  إﺧﻮﺗﻲ إﻟﻰ
 اﻟﺪاﺋﻢ وﺗﺸﺠﯿﻌﮭﻢ ﻟﻤﺴﺎﻧﺪﺗﮭﻢ
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Congestion management in transmission network utilizing STATCOM incorporation 
in transmission network is presented. Transmission congestion management problem 
is studied from different aspects, i.e. congestion relief, location marginal price 
reduction, congestion costs and cost recovery period are carried out. Genetic 
Algorithm as an intelligent optimization technique is considered to obtain the 
optimum STATCOM location and rating to be incorporated in the transmission grid. 
Comparisons with similar results reported in literature are demonstrated. The 
effectiveness of STATCOM installation in a congested transmission network to 
enhance power flow parameters and to maintain location marginal prices at 
acceptable levels is verified 
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   ﻟﺮﺳﺎﻟﺔﺺ اﻣﻠﺨ ّ
 
 ﻋﺑداﻟﻌزﯾز اﺑراھﯾم ﯾوﺳف اﻟﺣﻣودي :اﻻﺳم
 
 ﻣّﻌوض اﻟﻘدرة اﻟﻣﺗزاﻣﻧﺔ ﻏﯾر اﻟﻔّﻌﺎﻟﺔﺑﺎﺳﺗﺧدام  اﻟطﺎﻗﺔإدارة اﺧﺗﻧﺎﻗﺎت ﺷﺑﻛﺎت ﻧﻘل  :ﻋﻧوان اﻟرﺳﺎﻟﺔ
 
 اﻟﮭﻧدﺳﺔ اﻟﻛﮭرﺑﺎﺋّﯾﺔ اﻟﺗﺧﺻص:
 
  ھـ 4341ذو اﻟﻘﻌدة  :ﺗﺎرﯾﺦ اﻟدرﺟﺔ اﻟﻌﻠﻣﯾﺔ
 
 
 
ﻧﻘل اﻟّطﺎﻗﺔ ﻓﻲ أﺳواق اﻟطﺄﻗﺔ اﻟﻣﺧﺗﻠﻔﺔ ، ﻣﻌظم أﺳواق اﻟّطﺎﻗﺔ ﺗﺧﺗﻠف طرق اﻟّﺗﻌﺎﻣل ﻣﮫ اﻻﺧﺗﻧﺎﻗﺎت ﻓﻲ ﺷﺑﻛﺎت 
طّورت طرﯾﻘﺔ ﻟﻠﺗﻌﺎﻣل ﻣﻊ اﻻﺧﺗﻧﺎﻗﺎت وﻛﯾﻔّﯾﺔ ﻓوﺗرﺗﮭﺎ ، وان ﻛﺎﻧت اﻟﻧﺗﯾﺟﺔ اﻟﻣﺷﺗرﻛﺔ ﻓﻲ ﻣﻌظم اﻟﺣﺎﻻت ﺣل 
 ﻣزّﻗت وارﺗﻔﺎع ﺳﻌر اﻟّطﺎﻗﺔ اﻟﻛﮭرﺑﺎﺋﯾﺔ ﻟﻠﻣﺳﺗﮭﻠك.
ارة اﻻﺧﺗﻧﺎﻗﺎت اﻟﻛﮭرﺑﺎﺋﯾﺔ واﻟﻌواﻣل اﻟﻣؤﺛرة ﻓﻲ اﺳﺗﻌراض اﻟطرق اﻟﻣﺳﺗﺧدﻣﺔ ﻋﺎﻟﻣﯾﺎ ﻹد ﯾﺗﻠّﺧص ھذا اﻟﺑﺣث ﻓﻲ
ﻣّﻌوض اﻟﻘدرة اﻟﻣﺗزاﻣﻧﺔ ﻏﯾر دراﺳﺔ إدارة اﺧﺗﻧﺎﻗﺎت ﺷﺑﻛﺎت ﻧﻘل اﻟطﺎﻗﺔ ﺑﺎﺳﺗﺧدام  ﻓوﺗرﺗﮭﺎ. و ﯾﻘدم اﻟﺑﺣث
ﻓك اﻻﺧﺗﻧﺎق ﻓﻲ اﻟّﺷﺑﻛﺔ، اﻟﻔوﺗرة، ﺗﻘﻠﯾص  ة ﻧواﺣﻲ ﻣﺛل:وﺗﺄﺛﯾر اﺳﺗﺧداﻣﮭﺎ ﻓﻲ ﺗﺷﻐﯾل اﻟﺷﺑﻛﺔ ﻣن ﻋد ّ اﻟﻔّﻌﺎﻟﺔ
. وﯾﺗم ﺧﻼل ھذا اﻟﺑﺣث دراﺳﺔ ﻣﺑﻧّﺑﺔ ﻋﻠﻰ ﺗرﻛﯾب اﻟﻌدد واﻟﻣﻛﺎن اﻷﻣﺛل ﻣن ﺟﺔ ﻋن اﻻﺧﺗﻧﺎقاﻟﺗﻛﻠﻔﺔ اﻟّﻧﺎﺗ
ﻣﻌّوﺿﺎت اﻟﻘدرة اﻟﻣﺗزاﻣﻧﺔ ﻏﯾر اﻟﻔّﻌﺎﻟﺔ ﻓﻲ ﺷﺑﻛﺔ اﻟّﻧﻘل ﺑﺎﻹﺿﺎﻓﺔ اﻟﻰ ﺣﺟﻣﮭﺎ. وﯾﻘدم دراﺳﺔ ﺟدوى ﻣﺑﻧّﯾﺔ ﻋﻠﻰ 
 ﯾر اﻟﻔّﻌﺎﻟﺔ.اﻟﺗوﻓﯾر اﻟﻣﺎّدي ﻣن اﺧﺗﻧﺎﻗﺎت اﻟّﺷﺑﻛﺔ ﺑﻌد ﺗرﻛﯾب ﻣﻌّوﺿﺎت اﻟﻘدرة اﻟﻣﺗزاﻣﻧﺔ ﻏ
وﯾﺗم ﺗﻘدﯾم ﻣﻘﺎرﻧﺔ ﻧﺗﺎﺋﺞ اﻟدراﺳﺔ ﻣﻊ ﺑﺣوث ﺳﺎﺑﻘﺔ ﻋﻠﻰ ﺷﺑﻛﺎت ﻛﮭرﺑﺎﺋﯾﺔ أﺻﻐر ﺣﺟﻣﺎ ﻣن اﻟﺷﺑﻛﺔ ﻓﻲ ھذا  
ﺑﺎﻹﺿﺎﻓﺔ اﻟﻰ ﻣﻘﺎرﻧﺔ ﺑﯾن اﺳﺗﺧدام ﻣﻌّوﺿﺎت اﻟﻘدرة اﻟﻣﺗزاﻣﻧﺔ ﻏﯾر اﻟﻔّﻌﺎﻟﺔ و ﻣﻌّوﺿﺎت اﻟﻘدرة  اﻟﺑﺣث.
  ﺔ ﻧﻘل اﻟّطﺎﻗﺔ. اﻻﺳﺗﺎﺗﯾﻛّﯾﺔ ﻏﯾر اﻟﻔّﻌﺎﻟﺔ ﻓﻲ ﺗﺄﺛﯾرھﺎ ﻋﻠﻰ اﻻﺧﺗﻧﺎق ﻓﻲ ﺷﺑﻛ
 X
 
Chapter 1 
1. INTRODUCTION 
1.1 Introduction 
After producing efficient and improved in telecommunication and airways industries, 
many electric utilities adopted the idea of deregulation since 1990’s. Generation, 
Transmission and Distribution companies are, in vertically-integrated structure, 
usually owned by the government. Whatever expenditure or revenue of the power 
system operation will be covered and earned by the government.  
Deregulation of power system can be defined as a restructuring of rules and 
economic incentives that government set up to control and drive the electric power 
industry. This means that the system will have open access in terms of power 
generation and distribution that may result in a competitive market in power 
industry. In deregulated environment Generation, Transmission and Distribution may 
be owned and operated by different organizations. The concept of optimizing 
operation in terms of expenditure and revenue will be the main base on which the 
organization will rely. Agreement between Generation and Distribution companies 
are made in advance to maintain coordination. 
 By the time of power delivery implementation, transmission loading patterns are 
different from what they were planned to be. Transmission system operator (TSO) 
must assure open access to transmission networks to all operational market 
participants. However, congestion in transmission network may occur when 
producers and consumers of electricity tend to exchange power that operates 
transmission networks beyond one or more operation limit. 
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 Congestion management is controlling transmission system in a way that limits are 
not violated. This means that system security and reliability are within acceptable 
range. Transmission limits may refer either to a piece of equipment that limits power 
flow in physical terms, or to operational limit that could be violated. The violation of 
transmission constraints will be reflected in the economics of the power network in a 
variation of the cost of electric energy. The basic objective is to control generator 
output so that the system remained secure –no limit violation- at the lowest cost. 
However in a deregulated environment, the goal is to create a set of rules that ensures 
sufficient control over produces and consumers to maintain an acceptable level of 
power system in both short (real-time operation) terms and long (transmission and 
generation construction) while maximizing market efficiency. 
Congestion in transmission system could be treated in several ways such as: 
- Load Shifting. 
- Generation Re-dispatch. 
- Contracts curtailment.  
All solutions of congestion situations differ in their approach. They all give a 
temporary solution to the market problem which would not be sufficient to as a long-
term solution. Transmission expansion in a rapidly growing environment would be a 
smart solution if it is associated with economic revenue that would attract investors. 
Moreover, system reliability and security would be enhanced as the system expands.   
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 1.2 Energy Pricing In a Deregulated Electricity Market 
The cost of energy in open markets is usually determined through the following 
process: First, the load of any power system is forecasted, as such in open markets. 
Then, generation companies offer their willingness to sell to the market. The market 
coordinator will select the least cost generators to be used. At this stage, the 
preliminary price of energy is known. This is called Market Clearing Price (MCP) 
stage. Afterwards, Independent System Operator (ISO) simulates load flow with all 
limitations in the power system and defined constraints to check the visibility of the 
selected generators. If no congestion occurs, the following will be added to the MCP: 
power transmission system losses; ancillary services; transmission usage tariffs and 
other taxes. 
 However, if congestion appears such as overloading, over and under voltages, 
stability violation or security violation, adjustments of the market dispatch will take 
place till it satisfies the power system constraints. Adjustments may include reducing 
selected generators, increasing other generators, running an expensive generator 
which were not selected in MCP stage, shutting down cheap one, …etc. After 
satisfying all system constraints, the price of energy will be recalculated to include 
the new set of generators plus transmission charges. 
It can be observed from international practices that congestions in electric power 
delivery process are circumstantially resolved. For transmission companies, system 
expansion would be a key solution to resolve congestions. Since transmission 
revenue is usually slower than those in generation and distribution, transmission 
investments are not attractive to investors. 
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 For transmission expansion, the economic revenue should be defined on the basis of 
system relief to reflect what a project has provided the system with. In order to 
formulate the incentives for transmission expansion investors, each system should be 
seen from ISO point of view, and the incentive formula should depend on some of 
the following: How much is the reliability improved? How much is the power price 
reduced? And how many more problems will the expansion resolve? 
1.3 Thesis Motivation 
The research shows that congestions in transmission networks can be solved in 
different ways. There is no certainty on which approach would result in best solution 
in terms of congestion relief and reliability increase beside the financial revenue for 
investors. Thus, there is a need to find a method that has the following features: 
- Congestion relief. 
- Transmission expansion.  
- All market participants (MP’s) contribution to transmission expansion, similar to 
generation expansion. 
- System security and reliability enhancement. 
- Reducing congestion costs. 
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 1.4 Thesis Objective 
This thesis is dedicated to resolve of transmission congestion through expansion and 
revenue process from Transmission Company’s point of view. The goal of this 
expansion is to reduce congestion costs, mainly congestion re-dispatch payments, 
reduction and maintaining energy prices. The method is examined by utilizing 
STATCOM in power system network expansion. 
1.5 Thesis Organization 
This thesis consists of six chapters. It starts with an introduction. Chapter two 
provides a literature survey of congestion management techniques utilizing several 
FACTS controllers. Problem formulation and methodology are presented in chapter 
three. A case study of an ideal Middle-Eastern 16-bus 380KV system is presented in 
chapter four. Application of STATCOM for Congestion Elimination is presented in 
chapter five. Studies on the application of STATCOM and SVC in congestion 
management are presented in chapter six. Finally, the conclusions will be presented 
in chapter seven. 
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Chapter 2 
2. LETERATURE REVIEW 
2.1 Congestion Management Models 
There are several forms of deregulated electric power industry. They differ in each 
area in details of implementation. These forms can be represented in five main 
models that are; United Kingdom and Wales, Pennsylvania-Jersey-Maryland (PJM), 
Norway, Sweden and California [1]. 
2.1.1 England and Wales Market 
In England and Wales market, only one zone exists and no constraints are considered 
in market dispatch (MD) stage. In this stage the zonal price, System Marginal Price 
(SMP), is determined from generators offers [2]. In congestion re-dispatch (CR) 
stage, all constrains are considered and every bus in the system becomes a zone. 
Generators are commanded to adjust their generation by the Independent Grid 
Operator (IGO) and receive compensation for doing so. Loads are considered to be 
fixed and do not participate in both stages. 
Energy price is set at MCP stage according to generators offers. Additional charges, 
called “uplift”, i.e. charges for losses and ancillary services, are passed to the 
consumers. 
“Constraint off” occurs when a generator was on in MD stage and instructed by IGO 
to be off in CR stage. “Constraint on” occurs when a generator was off in MD stage 
and instructed to be on in CR stage. For “constraint off” case, generators will receive 
“lost profit” as a compensation and for “constraints on” case, generators will be paid 
its offer price. 
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 2.1.2 Pennsylvania-Jersey-Maryland (PJM) 
PMJ market would be considered as the ultimate case of zonal partitioning, where 
each node is a zone with its own zonal price and each line is an inter-zonal interface. 
The conceptual basis of the “price-based” dispatch is an optimization framework in 
which the nodal prices can be determined as dual variables according to specific 
constraints. All calculations are conducted in the MD stage using the state estimator 
data [3]. CR stage is not needed since all constraints are considered in MD stage. 
The dual variables output for each node of the optimized framework are the buy and 
sell prices and the difference in each node pair is the transmission usage charges that 
will be paid back to transmission investors. 
2.1.3 Norway: 
In the MD stage, for each hour, the Independent Grid Operator (IGO) uses the 
forecasted operational state of the grid to determine whether a partition of the grid 
into zones is required [4]. In MD sage, the grid-wise, in case of one zone, or each 
zone clearing price is determined. If the grid is divided into zones the tie-lines limits 
between zones are considered as constraint in MD stage as well. During CR stage, if 
needed, the participants are adjusted according to their adjusting bids and offers. In 
this stage each bus is considered a zone. 
As mentioned the MCP is set at MD stage, any adjustment payment might result 
from CR stage will be added uniformly. Upward adjustment is paid the most 
expensive bid/offer price and downward adjustment is charged the cheapest offer 
price.  
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 2.1.4 Sweden: 
In Sweden, the same rules apply as Norway with one major difference. The IGO 
considers only one zone in MD stage as in England and Wales market. On the other 
hand, Norway market considers several nodes at MD stage.  
2.1.5 California 
The IGO in California uses a predefined set of zones [5]. The MD stage establishes 
the hourly market zonal prices for the next day market. In the MD stage the 
transmission constraints are not considered, the resulting prices are simply the 
solution of preferred schedules introduced by scheduling coordinators in bilateral 
markets. If the MD solution leads to congestion, the elimination will be achieved 
using CR with zonal partitioning. 
The CR stage gives the zonal prices and the transmission usage prices as dual 
variables associated with the interface flow. Participants will be paid and charged 
according to zonal prices defined in CR stage. Congestion charges are applied using 
the transmission charges in the inter-zonal interface. 
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 2.2 Flexible AC Transmission System (FACTS) 
Flexible AC Transmission System (FACTS) is an alternating current transmission 
system incorporating power electronic-based and other static controllers to enhance 
controllability and increase power transfer capability [6]. FACTS devices have 
become very important applications of power electronics in adjusting power flow by 
controlling any of the AC transmission system parameters, namely, voltage 
magnitude and phase and load impedance. The main objectives of FACTS are to 
increase transmission capacity of lines and to control the power flow over chosen 
transmission routes [7]. 
The static synchronous compensator (STATCOM) is one of the most prominent 
members in the family of FACTS devices, which is connected in shunt to the 
transmission grid [8]. It senses the AC system terminal voltage and compensate for the 
voltage difference across the coupling transformer connecting it to the AC system by 
exchanging reactive power. If the output voltage is greater than the AC voltage, it 
supplies reactive power to the AC system and it absorbs reactive power if the output 
voltage is less than the AC voltage [9]. 
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 2.3 Congestion Management Utilizing FACTS Devices 
Different approaches have been proposed in congestion management. The objective 
of these approaches is to resolve congestion in electricity market such that no 
security limit is violated and to minimize economic aspects in terms of congestion 
costs. Utilizing different types of FACTS in congestion management were proposed 
with different approaches.  
A cost-free congestion relief using FACTS in power transmission network was 
suggested in [10]. It proposed an analysis to be done by ISO ahead of time to ensure 
system security using optimum power flow (OPF) in the current supply and demand. 
Once congestion is observed, the ISO has to relieve it using one of two types: 
A. Cost-free means:  
1. Out-going of congested lines. 
2. Operations of transformers tap/phase shifters. 
3. Operation of FACTS devices particularly series devices. 
B. Cost-associated means: 
1. Re-dispatch of generation to modify power flow in transmission system. 
2. Curtailment of loads (load-shedding). 
The author suggested a cost-free congestion relief by utilizing Thyristor Controlled 
Series Compensator and Unified Power Flow Controller optimum allocation using 
Genetic Algorithm technique subjected to all system parameters limits (V, Pg, Qg, 
etc...).  The results were found to be satisfying. However, the congestion relief was 
temporarily for the existing supply and demand and does not take into consideration 
load growth rate and congestion due to transmission system forced outage.  
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The placement of TCSC has also been incorporated to observe the impact on LMPs 
difference and congestion rent [11]. The proposed methodology is tested and 
validated for locating TCSC in IEEE-30 and IEEE-57 bus systems. Results showed 
that the proposed method is capable of finding the best location if TCSC installation 
that suits both objectives. 
 
An approach to maximize the benefits of FACTS installation in power system for an 
efficient solution to congestion management in bilateral electricity markets is 
presented in [12]. Minimizing congestion cost is examined using the optimum 
location and ratings of installing STATCOM and UPFC about congested lines. 
Preliminary results have shown that the method is able to effectively determine the 
optimum location to minimize congestion costs using a 4-bus system. The case study 
case has indicated that a STATCOM is a viable economic solution to the congestion 
management problem in bilateral electricity market environments. 
 
Incorporation of FACTS to enhance power system security in deregulated 
environment is presented in [13]. The objective is to identify the optimal location and 
capacity of STATCOM to enhance voltage security and find the capacity of a 
properly placed Unified Power Flow Controller to manage transmission network 
congestion simultaneously. An artificial intelligence method is used to solve the 
problem. The method is implemented on a modified IEEE-14 bus case study and 
results show the effectiveness of the proposed algorithm. 
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 2.4 Optimal Power Flow (OPF) 
The goal of optimal power flow (OPF) is to minimize the costs of meeting the load 
demand for a power system while maintaining the security of the system. The costs 
associated with the power system may depend on the situation, but in general they 
can be attributed to the cost of generating power (MW) at each generator. OPF will 
perform all the steady-state control functions of the power system. These functions 
may include generator control and transmission system control. OPF also determines 
system marginal cost data (LMPs). This marginal cost data may aid in the pricing of 
MW transactions as well as the pricing ancillary services such as voltage support 
through MVAR supply [14]. 
Congestion Management and transmission price determination in electricity market 
using OPF is presented in [15]. The congestion management is based on optimal 
power flow, whose main goal is to obtain a feasible solution for the re-dispatch 
minimizing the changes in dispatch proposed by the market operator. The 
computation considers the physical impact caused by the market agents in the 
transmission network. The final tariff includes existing system costs and costs due to 
the initial congestion situation and losses. The proposed method is simulated on 
IEEE-30 bus power system. 
Different approaches were used to relieve a congested power transmission network 
such as constructing new transmission lines, installing FACTS controllers and 
bilateral contracts. These approaches aim to relieve the power flow in transmission 
network considering several aspects such as network security, reliability and power 
prices.  
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 The literature survey reveals that utilizing FACTS controllers in congestion 
management studies has shown a success in congestion relief. Moreover, 
combination between series and shunt compensation has been used to enhance bus 
voltages and transmission line power transfer capability. Also, utilizing FACTS 
controllers in congestion management have shown a success in obtaining congestion 
revenues. 
 
 However, the effect of FACTS controllers are tested on a small systems and the 
studies concentrated on generation re-dispatch rather than expanding transmission 
network. A study on large-scale congested network study is needed to support the 
conclusion of previous studies. Furthermore, determining the optimum location and 
rating of FACTS, to be installed in the transmission network, may increase 
congestion revenues and as a result will minimize the economical profits of 
congestion management. 
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Chapter 3 
3. SYSTEM MODELING AND METHODOLOGY 
3.1 Problem Description 
Power system under deregulated environment is usually operated by Independent 
System Operator (ISO). The prime duty of the ISO is to maintain system security 
with least possible cost of energy. In many markets, for example United States, 
electric power trades are processed through market operator. Thus, the ISO is not 
involved directly with contracts executions. In some US states, it is even against the 
law to communicate outside the formal channels. This will result in reducing 
operators market power. 
To study and propose a solution to congestion relief in a certain system, it is 
necessary first to define the ISO duties and responsibilities: How the ISO looks at the 
power system? How do electric power prices are set? And how to deal with a 
congestion if it occurs in a power transmission network? 
The ISO deals with real time system status which does not remove the congestion 
permanently. Most congestion requires investment in equipment installation. The 
permanent correction of congestion under deregulated environment is not clearly 
defined.   
In this thesis, a mechanism for permanent congestion relief is presented from 
transmission network owner’s perspective. The mechanism is based on the addition 
of a number of Static Synchronous Compensators (STATCOM) to the transmission 
network. The main goals of the technique are: 
1.  Find the optimum locations and ratings of STATCOMs installed based on 
minimizing reactive power loss and enhancing voltage profile as caused by 
loaded elements subjected to all power system constraints. 
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 2.  Relieve congestion by installing STATCOMs in a way that will attract investors 
to participate in power transmission system by providing revenue from this 
investment. 
3. Enhance power system security and reliability in case of forced outage or 
tripping situation. 
4. Reduce generation re-dispatch costs that will be paid by transmission owners to 
generation companies. 
3.2 Modeling  
3.2.1 Static Synchronous Compensator (STATCOM) 
The static synchronous compensator (STATCON) is one of the most prominent 
members in the family of FACTS devices, which is connected in shunt to the 
transmission grid [16]. It is usually used to control transmission voltage by reactive 
power compensation. In ideal steady state analysis, it can be assumed that active 
power exchange between the AC system and STATCOM can be neglected, and only 
the reactive power can be exchanged between them. 
The presence of FATC controllers is accommodated and accounted for by adding 
new equations to the set of the power flow formulations and modifying some of the 
existing power flow equations, as needed. The Jacobian equation is modified 
accordingly [17]. Figure 3.1 shows the circuit model of a STATCOM connected to 
Bus k of an N-Bus power system: the subscript ‘p’ means the STATCOM is 
connected in parallel with the power system. The STATCOM is modeled as a 
controllable voltage source (Ep) in series with impedance. 
 
15 
 
  
Figure  3.1 STATCOM Model 
 
The power flow equations for all buses of the power system without FACTS 
controller will be the same except at the bus k which containing STATCOM which 
will be: 
Pp = Gp |V2k| - |Vk| |Ep| |Yp| cos (δk – δp – θp)                                               
(3.1) 
Qp = - Bp |V2k| - |Vk| |Ep| |Yp | sin (δk – δp – θp)                                             
(3.2) 
Where, 
Vk is the voltage at bus k 
δk is the angle at bus k 
 |Ep| is the generated AC voltage from STATCOM converter, 
 δp is the angle  of generated AC voltage from STATCOM converter, 
 |Yp| is the admittance magnitude of STATCOM connected to bus p, and 
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  θp is the admittance angle connected to bus p. 
STATCOM cost is estimated at 50$/KVAR [18]. This cost will be considered in 
calculation of capital cost of STATCOM in the study. Consequently, revenue 
analysis will be conducted based on the assumed STATCOM cost. 
3.2.2 Static Var Compensator (SVC) 
Static Var Compensator is a FACTS device based on thyristor controlled reactor 
[19]. It consists of standard reactive power shunt elements which are controlled to 
provide rapid and variable reactive power (supply or absorb) [20]. Figure 3.2 shows 
SVC typical model.  
 
Figure  3.2 SVC Model 
 
The power flow equations for all buses of the power system without FACTS 
controller will be the same except at the bus k which containing SVC which will be 
[21]: 
Qp = - BSVC V2k                                                                                    (3.3) 
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 Where, 
Vk is the voltage at bus k, and  
BSVC is the suseptance of the SVC. 
SVC will be included in the study in the application of FACTS controllers in 
transmission congestion management. 
3.2.3 Congestion Cost Calculation Approaches 
Congestion costs can be obtained from the following three approaches [22]: 
1. Uplift Charges 
Uplift charges are equal to the increased dispatch payments by the market to 
generators that are out of merit order. It suppresses the difference in LMP’s between 
two areas and it is collected by the transmission owners. 
2. System Re-Dispatch Payments  
System re-dispatch payments are equal to the difference in dispatch payments by the 
market to generators in congestion case relative to the costs for the uncongested case. 
3. Congestion Revenues  
Congestion revenues are the evaluation of transmission of energy across a congested 
interface. Including losses, the revenues are equal to the product of energy flow 
multiplied by the price of LMP at that congested zone. Congestion Revenue is 
usually collected by the ISO or transmission owners. 
It should be noted that congestion cost calculations vary depending on the market 
mechanism and ISO procedures. In this thesis, congestion costs will be obtained 
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 from the sum of uplift charges, system re-dispatch payments and congestion 
revenues together. 
3.2.4 Congestion cost Illustrative Example 
A simple 3-bus system connected to another network is under study of congestion 
costs calculation shown in figure 3.3. The market procedure will be applied as the 
following: 
 
 
 
  
 
Figure  3.3 3-bus system of illustrative example 
 
At Market Dispatch Stage:  
MCP at generator bus (bus#1) is 50$/MWH, and the total energy cost to deliver 
200MW is equal to:  
50$/MWH X 200MW = 10,000$/hr 
At Congestion Re-Dispatch Stage: 
Line 1-2 is maximum flow limit is considered (100MW). Thus, the rest of energy 
will be delivered through another path to the load bus (bus#2). The other path 
includes the other network through bus#3 to the load bus.  
2 
1 
3 
Other Network Price = 50$/MWH Gen Capacity = 200 
Load = 200MW 
Line Capacity = 
200 MW Other Network Price 
= 100$/MWH 
Line Capacity = 100 
Line Capacity = 90MW 
~ 
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 At bus#1: the power cost is 50$/MWH 
At bus#2: the power cost is 100MW@50$/MWH from generator bus (bus#1) and 
remaining 100MW @100$/MWH from the other network resulted in: 
(100$ + 50$)/2 = 75$/MWH 
Thus, the total energy cost will be 75$/MWH X 200MW = 15,000$/hr 
The difference is 5,000$/hour is considered to be an Uplift Charges. 
The second charge appears for the generator at bus#1. It was selected to sell 200MW 
of power at Market Dispatch stage. However the amount of power sold was reduced 
to 100MW at Market Re-Dispatch stage. Assuming a loss of 10% of profit for 
generator at bus#1 yields: 
10% of (100MW @ 50$/MWH) = 500$/hr to be paid to generator at bus#1 as a lost 
profit. This is considered as a System Re-Dispatch Payments. 
The third charge appears due to congestion on transmission line between bus#2 and 
bus#3. ISO defines the line capacity of power transfer to be 90MW. In congestion re-
dispatch stage, the flow was equal to 100MW. This means that there was 10MW 
above the line limit. So: 
100MW - 90MW = 10MW extra flow 
Then, Congestion Revenues equals to the extra flow multiplied by the interface 
power price which is equal to: 
10MW X 100#/MWH = 1000$/hr. 
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 It can be concluded that in the previous scenario the total cost of energy was 
15,000$/hr instead of 10,000$/hr due to the congestion. The congestion cost is 
5,000$/hr will be divided to 500$/hr revenue to generation owners and 1000$/hr to 
transmission owners. The other 3500$/hr is due to the compensation from other 
network of 100MW @ 100$/MWH. 
3.3 Mathematical Representation 
A. Optimal Power Flow Equations (OPF) 
The goal of optimal power flow is to minimize the costs of meeting load demand 
while maintaining the security of the system [23]. The objective function f(x) reflects 
the cost associated with generating power in the system. The quadratic cost model 
for generation of power is: 
CpGi = ai + bi PGi + ci PGi 2                                                                      (3.4) 
Where; 
CpGi = total generation cost 
PGi = amount of generation in MW at generator i, and 
ai, bi and ci are constant of quadratic cost function. 
The objective function for the entire power system can be written as the sum of the 
quadratic cost model at each generator [24]. That is: 
f(x) = ∑ (ai + bi PGi + ci PGi 2)𝑡                                                                           (3.5) 
Subjected to the constraints: 
Pimin ≤ Pi ≤ Pimax 
Qimin ≤ Qi ≤ Qimax 
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 Vimin ≤ Vi ≤ Vimax 
δimin ≤ δi ≤ δimax 
 For STATCOM: 
Qsmin ≤ Qs ≤ Qsmax 
where: 
f(x): the total reactive power loss in the network. 
Qs: the reactive power injected by the STATCOM into the system. 
Qsmin: minimum limit of reactive power injected. 
Qsmax: maximum limit of reactive power injected. 
 
B. Congestion Cost Calculation 
1. Market Clearing Price (MCP) 
The MCPs are obtained through MATPOWER 4.1 based on optimal AC load flow 
(OPF) solver minimizing the total system generation cost and subjected to expanded 
limits in both generators and transmission network constraints. 
2. Location Marginal Prices (LMP) 
The LMPs are also obtained by MATPOWER 4.1 based on an optimal marked based 
AC load flow solver minimizing the total system generation cost and subjected to 
generators and transmission network constraints.  
3. Uplift Charges 
The uplift charges are included in the LMPs calculation. The LMPs are obtained 
from OPF and adjusted to network losses and they are out of merit generators costs 
as well. 
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 4. System Re-Dispatch Payments (SRP) 
SRP are obtained through the following equations: 
SRP = ∑ RP𝑛𝑖=1 Ri                                                                          (3.6) 
Xi = Yi – Zi, Subjected to Xi > 0                                                                             
(3.7) 
RPi = Xi × LMPi × PPi                                                                                              
(3.8) 
Where; 
n = Total number of generators. 
i = Congested bus number. 
RPi = Re-Dispatch Payment for generator i. 
LMPi = Location Marginal Price at Bus i. 
Yi = Selected generation output at Market Dispatch stage for generator i. 
Zi = Selected generation output at Congestion Re-Dispatch stage for generator i. 
Xi = Reduced generation output at Congestion Re-Dispatch stage with respect to 
generation output at Market Dispatch stage for generator i. 
PPi = percentage lost profit for generator i. 
 
5. Congestion Revenues  
The total Congestion Revenues (TCR) is obtained through the following equations: 
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 TCR = ∑ CR𝑛𝑖=1 Ri                                                                                                       
(3.9) 
EFi = TFi - AFi                                                                                                      
(3.10) 
CRi = LMPi × EFi                                                                                                  
(3.11) 
Where; 
n = Total number of buses. 
i = Congested bus number. 
CRi = Congestion Revenues at bus i.  
LMPi = Location Marginal Price at bus i. 
TFi = Total power flow across bus i. 
AFi = Accepted safe power flow across bus i defined by ISO. 
EFi = Extra power flow across line i. 
6. Revenue Rate (RR) 
The RR refers to the rate for the STATCOM to cover its cost from savings in 
congestion costs. It is obtained by the following equations: 
TCSi = TCB – TCCi                                                                                              
(3.12) 
Where; 
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 RRi = Revenue Rate ($/hr) for equipment i, 
TCSi = Total saving in congestion costs ($/hr) after the addition of equipment i, 
TCB = Total congestion costs ($/hr) for the base case, 
TCCi = Total congestion costs ($/hr) after the addition of equipment i. 
7. Payback Period 
The PP refers to the operating time required for STATCOM to cover its cost from 
saving in congestion costs. It is obtained by the following equations: 
PPi = 
STATCOM Cost
RRi
                                                                                   (3.13) 
Where; 
PPi = Payback period (hours) of equipment i. 
Another approach is to calculate the annual cost of the STATCOM cost and compare 
it with the annual saving from congestion cost. 
3.4 Solution Method: Genetic Algorithm (GA) 
GA is general purpose optimization algorithm based on the mechanics of natural 
selection and genetics [25]. GA is global search technique based on the mechanism 
of natural selection and genetics. They can search several possible solutions 
simultaneously and produces high quality solutions. They operate on string structures 
(chromosomes) representing the control parameters (phenotype) of a given problem. 
Chromosomes themselves are composed of genes. The real value of a control 
parameter is called allele. [26] 
The optimization technique works at the following way: 
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 1. Parent selection:  
Where by two chromosomes are selected from the parent population based on 
their fitness value i.e. solutions with high fitness value have a high chance to pass 
to the next generation. 
2. Crossover: 
This operator is responsible for the structure of recombination and the 
convergence speed of the GA and is usually applied with high probability. 
Chromosomes of two parents selected are combined to form new chromosome 
that inherit segments of information stored in parent chromosomes. 
3.  Mutation:  
This operator is responsible for the injection of new information. With a small 
probability, random genes of the offspring chromosomes are being replaced by 
new ones. This procedure will help to bring new characteristics that did not exist 
in the old population. Figure 3.4 shows a flow chart of GA algorithm. 
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Figure  3.4 Genetic Algorithm Flowchart 
 
In this thesis, GA is used to find the optimum allocation to install STATCOMs in 
the 16-Bus power system subjected to objective function of minimizing reactive 
power loss in power transmission network. 
3.5 Solution Approach  
A case study will be presented in this thesis. A 16-Bus 380KV real system will be 
under study. The initial analysis of Location Marginal Prices (LMPs) are obtained 
through a MATLAB based program called MATPOWER version 4.1. It is an open 
code and has powerful routines for solving and optimizing power system load flow 
equations called Optimal Power Flow (OPF).  
After obtaining the base case MCPs and LMPs, contingency analysis with three 
scenarios is conducted that are: 
(A) Removal of most loaded line. 
(B)  Removal of two most loaded lines and, 
(C)  Reduction of the least cost generating unit capacity by 25%. 
 Congestion costs will be calculated for each case. After getting the initial 
congestion costs, installation of STATCOMs will be simulated in order to find the 
optimum location, rating and the number of STATCOMs for congestion removal 
and to enhance system security and reliability. The number of the required 
STATCOMs will be used by trial and error. Then, system dispatch payment and new 
Iteration Limit Reached? 
End 
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 LMPs prices will be calculated again with the proposed locations of STATCOMs 
for each possible case. Finally, revenue rate will be calculated for the optimum 
locations for STATCOMs. Figure 3.5 shows the proposed solution for defining the 
optimum locations, ratings and the optimum number of STATCOMs to be installed 
in a congested transmission network .   
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Figure 3.5 Methodology Flowchart 
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Chapter 4 
4. SYSTEM STUDIES 
4.1 Power System Under Study Description 
The power system under study is a typical 16-bus 380KV Middle Eastern network. It 
consists of four (4) generation plants with a total capacity of 13,200 MW. It contains 
thirty six (36) transmission branches. The total load is 11,421 MW. Figure 4.1 shows 
the single line diagram of power system under study. 
Generators data, bus data and transmission lines data are shown in Appendix A. Due 
to unavailability of exact generators coefficients cost data, the IEEE 30 bus system 
generator cost data are used. 
The simulation of the power system and optimal power flow are implemented using 
MATLAB and MATPOWER 4.1 
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Figure  4.1 16-Bus 380 KV system under study 
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 4.1.1 Base Case: 
In order to obtain Market Clearing Price offered by generation companies with no 
transmission constraints, the following assumptions are made in the base case: 
1. Generators output limits are considered [Pmax, Pmin]. 
2. Branch power flow is unlimited. 
3. Power transmission losses are negligible. 
The results of optimal power flow (OPF) to obtain bus data, branch flow, MCPs and 
LMPs for the base case are shown in table 4.1. 
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 Table  4.1 Base Case OPF Results 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 1.025 -6.434 - - 151 83 96.572 
2 1.027 -5.774 - - 2400 575 96.450 
3 1.05 *0.0 2332.97 257.62 0 0 95.319 
4 0.965 -1.306 - - 35 205 109.290 
5 1.037 -4.06 - - 1600 500 96.127 
6 1.05 -1.996 2686.37 814.35 0 0 95.773 
7 1.026 -3.077 - - 1140 415 95.952 
8 1.028 -4.617 - - 1155 375 96.232 
9 1.028 -4.628 - - 450 140 96.225 
10 1.029 -11.759 - - 550 107 97.538 
11 1.05 -0.768 1891.88 545.64 0 0 95.594 
12 1.025 -4.177 - - 2030 297 96.241 
13 0.997 -9.976 - - 545 65 97.368 
14 0.989 -9.207 - - 1200 365 97.226 
15 1.05 5.076 4600 770.84 0 0 94.558 
16 1.024 -6.757 - - 100 50 96.629 
 
The results show a total generation of 11,511.22 MW and 2,388.28 MVAR, Total 
Load of 11,421 MW and 3,177 MVAR and an average LMPs of 97.068 $/MWH. 
The total cost of the base case is 527,308.78 $/hr.  
Table 4.2 shows power flow across the transmission network ranked by most loaded 
lines. The flow shows that the maximum loaded branch is No. 34 that connects 
bus#15 and bus#7 with 955.188 MW flow. Table 4.3 states a power system summary 
of the base case. 
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 Table  4.2 Power Flow Across the Network of Base Case 
Branch # From 
Bus 
To 
Bus 
From Bus Injection To Bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
34 15 7 995.188 160.68 -988.12 -65.98 7.065 144 
35 15 7 995.188 160.68 -988.12 -65.98 7.065 144 
31 15 12 940.80 130.60 -932.93 -47.05 7.866 153.75 
33 15 14 843.55 207.59 -832.33 -101.05 11.222 219.32 
32 15 12 825.29 111.30 -818.34 -43.86 6.944 134.87 
3 5 2 758.08 200.48 -756.87 -188.86 1.206 24.47 
4 5 2 758.08 200.48 -756.87 -188.86 1.206 24.47 
 
 
Table  4.3 Base Case System Summary 
No of Generators  4 
No of Buses 16 
No of committed Generators  4 
No of Loads  12 
No of Branches  36 
Total Load 11,421 MW and 3,177 MVAR 
Total Gen Capacity  13,800 (MW), -4,652 to 6,474 (MVAR) 
Actual Generation 11,511.2 MW and 2,388.3 MVAR 
LMP Average 97.068 $/MWH (max 109.290, min 94.558) 
Total Generation Cost (MCP) 527,308.78 $/hr 
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 4.2 Defining Power Transmission Network Congestion 
In order to define congestion zones, contingency analysis is done on the 16-bus 
system shown in figure 4.1. This is done through three different scenarios as the 
following: 
Case A: Removal of most loaded line.  
Case B: Removal of two most loaded lines. 
Case C: Reduction of power production of the least cost generator.  
These scenarios could occur in power transmission network due to forced outages for 
maintenance purposes on temporary basis. 
Case A: Removal of Most Loaded Line. 
The most loaded line in the base case was found to be branch# 34 as shown in table 
4.2. When this branch was removed, OPF results for bus data and new LMPs are 
shown in table 4.4. 
The results show a total generation of 11,524.2 MW and 2,716.9 MVAR. The new 
LMPs Average is 96.379 $/MWH. The total cost of power after re-dispatch is 
528,665.19 $/hr (1,356.41$/hr increase compared to base case).  
Generation re-dispatch prices had a slight change in generating units. Generation 
plant at bus#3 increased its production by 30 MW and generation plant at bus#6 
increased by 37 MW. On the other hand, generation plant at bus#11 reduced its 
production by 54 MW.  
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 One more observation is that the voltage profile of bus#13 and bus#14 has been 
reduced compared to the base case. This is caused by MVAR loss in the network. 
This could lead to a load rejection from the transmission network. It also could affect 
system stability. It is then required to note this deviation in voltage profile in the 
mentioned buses and resolve the problem. 
 
Table  4.4 Bus and LMPs results for Case A 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 1.025 -6.465 - - 151 83 97.889 
2 1.027 -5.804 - - 2400 575 97.762 
3 1.05 *0.0 2363.15 348.82 0 0 96.526 
4 0.964 -1.331 - - 35 205 110.828 
5 1.036 -4.093 - - 1600 500 97.451 
6 1.05 -2.0 2723.82 864.26 0 0 97.084 
7 1.014 -3.597 - - 1140 415 97.710 
8 1.019 -4.477 - - 1155 375 96.792 
9 1.02 -4.985 - - 450 140 97.884 
10 1.02 -11.744 - - 550 107 98.261 
11 1.05 1.142 1837.22 695.37 0 0 92.861 
12 1.021 -0.884 - - 2030 297 91.291 
13 0.993 -6.694 - - 545 65 92.360 
14 0.985 -5.899 - - 1200 365 92.189 
15 1.046 9.971 4600 808.44 0 0 87.236 
16 1.024 -6.788 - - 100 50 97.945 
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 Power flow across the network is shown in table 4.5. The power that was carried by 
branch#34 has been distributed mostly along branch#35 and the rest of power is 
distributed on the rest of the transmission network branches.  
The maximum power limit to be carried by a 380KV transmission line is 1,650MVA. 
Assuming the power factor will be 0.85 in the power system under study, the 
maximum MW capacity of a line is 1,400MW. As shown in table 4.5, after removing 
branch#35, an overloading situation occurred in branch#34 with 1,621.57 MW. This 
results in an increase in LMP with maximum rate at bus#4 with 110.828$/MWH and a 
minimum rate at bus#15 with 87.236$/MWH. 
Moreover, a matter that would affect power transmission network is power losses in 
the overloaded transmission line. The MW loss in branch#34 increases to 19.046 
MW comparing to the loss in branch#34 MW loss in base case which was 7.065 
MW. Furthermore, reactive power loss in the same branch increased from 114 
MVAR in the base case to 387.78 MVAR after removing branch#35. 
 
Table  4.5 Branch Flow Results for Case A 
Branch 
# 
From 
Bus 
To 
Bus 
From Bus Injection To bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
34 15 7 1621.57 304.99 -1602.54 34.25 19.026 387.78 
31 15 12 1092.92 148.86 -1082.25 -9.96 10.670 208.56 
23 8 11 -995.19 -216.70 1000.15 288.51 4.961 105.46 
32 15 12 958.73 127.29 -949.31 -11.26 9.419 182.94 
33 15 14 926.78 227.30 -913.18 -73.48 13.593 265.66 
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 Case B: Removal of Two (2) Most Loaded Lines.  
As shown in table 4.2, branch#35 and branch#34 are the two most loaded lines in the 
base case. 
 To be able to determine the importance of the chosen lines to the system, other lines 
are used to be compared with the most loaded lines. That is to choose two different 
lines from the system to examine the effect on generation total cost and LMPs. 
Branch#7 and #8 are chosen to be removed from the system. The reason of choosing 
them is that they are connected to generation bus#6 and the deliver power to a large 
number of buses with a minimum rout of power transmission. OPF results and 
branch flow results are shown in table 4.6 and 4.7 respectively. 
The results show a total generation of 11517.39 MW and 2553.34 MVAR. The total 
cost is 527898.02$/hr and LMPs average is 97.2965. 
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 Table  4.6 Bus and LMPs Results for Case B (branches #7 and #8) 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 1.017 -6.491 - - 151 83 96.834 
2 1.019 -5.820 - - 2400 575 96.706 
3 1.05 0 2338.49 441.91 0 0 95.540 
4 0.954 -1.211 - - 35 205 109.982 
5 1.027 -4.077 - - 1600 500 96.179 
6 1.05 0.093 2682.64 760.86 0 0 95.642 
7 1.024 -3.074 - - 1140 415 96.179 
8 1.027 -4.612 - - 1155 375 96.459 
9 1.023 -4.641 - - 450 140 96.462 
10 1.028 -11.771 - - 550 107 97.777 
11 1.05 -0.743 1896.26 556.58 0 0 95.813 
12 1.025 -4.157 - - 2030 297 96.462 
13 0.977 -9.956 - - 545 65 97.591 
14 0.989 -9.186 - - 1200 365 97.449 
15 1.05 5.092 4600 793.98 0 0 94.775 
16 1.016 -6.819 - - 100 50 96.894 
 
 
Table  4.7 Branch flow Results for Case B (branches #7 and #8) 
Branch 
# 
From 
Bus 
To 
Bus 
From Bus Injection To bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
9 5 6 -1336.19 -294.39 1341.32 380.43 5.133 104.96 
10 5 6 -1336.19 -294.39 1341.32 380.43 5.133 104.96 
34 15 7 995.70 172.34 -988.59 -76.97 7.103 144.78 
35 15 7 995.70 172.34 -988.59 -76.97 7.103 144.78 
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 It is clear that branches #34 and #35 removal has the most significant effect on the 
system due to the large amount of power carried by them. Also, they are carrying 
power from the least cost generation bus#15. This lead to take all possible power can 
be generated to be delivered to the system. Thus, removing branches connected to 
more expensive generation bus would not affect the generation cost and the LMPs. A 
summary of the comparison between removing the two sets is shown in table 4.8. 
 
Table  4.8 Summary of the comparison between the effects of removing two set of branches 
 
  OPF, MCBs and LMPs results after removing branch#34 and #35 are shown in 
table 4.9. 
 Results show a total generation of 11,553.72 MW and 3,409.44 MVAR and total 
Load of 11,421 MW and 3,177 MVAR. The total cost is 558,416.27$/hr (an increase 
of 31,107.49$/hr compared to the base case). New LMPs average is 104.207. 
Beside the large increase of total LMPs, system stability and reliability are in major 
risk done to the following: 
Branches 
Removed 
Comparison Between Line Set Removal 
Generation Losses 
Cost Diff 
w.r.t Base 
Case 
LMP's 
MW MVAR MW MVAR $/hr $/MWH 
7 and 8 11517.39 2553.34 96.393 1606.95 589.24 97.2965 
34 and 35  11553.72 3409.44 132.722 2322.86 31107.49 104.207 
40 
 
 For generation unit at bus#3, the generation increases to 2,826.78 MW and in re-
dispatch stage with 493.81 MW increase in generation. For generation unit at bus#6, 
an increase of power generation of 565.21 MW is observed. 
 On the other hand, generation unit at bus#11 resulted in a decrease in power 
generation of 441.3 MW. Finally, generation unit at bus#15 resulted in a decrease in 
power generation of 575.24 MW that would be compensated for due in the market 
re-dispatch stage. 
The major concern in this case that the results for bus voltages show a large decrease 
in voltage profile of bus#13 with a magnitude of 0.958 p.u. The system security and 
reliability in this case may be compromised and this issue should be resolved. 
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 Table  4.9 Bus and LMPs Results for Case B (branches #34 and #35) 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 1.023 -6.320 - - 151 83 116.636 
2 1.025 -5.656 - - 2400 575 116.484 
3 1.05 *0.0 2826.78 662.82 0 0 115.071 
4 0.962 -1.118 - - 35 205 132.147 
5 1.034 -3.904 - - 1600 500 116.089 
6 1.05 -1.4 3251.6 1013.02 0 0 115.556 
7 0.984 -8.761 - - 1140 415 117.683 
8 0.984 -7.549 - - 1155 375 117.382 
9 0.999 -8.145 - - 450 140 117.367 
10 0.981 -15.361 - - 550 107 120.257 
11 1.005 2.473 1450.58 503.58 0 0 73.529 
12 0.989 4.409 - - 2030 297 73.242 
13 0.958 -1.698 - - 545 65 74.465 
14 0.950 -0.79 - - 1200 365 74.318 
15 1.049 19.962 4024.76 1230 0 0 70.383 
16 1.022 -6.644 - - 100 50 116.707 
 
Table 4.10 shows branch flow across the network results for Case B. After removing 
branch#35 and branch#34 together, an overloading situation occurred in branch#23 
and branch#31 with 1,631.81 MW and 1,521.64 MW respectively. This will result in 
an increase in major uplift charges. An increase of MW loss in branch#33 is 22.986 
MW comparing to the base case which was 11.222 MW. Furthermore, reactive 
power loss, in the same branch, increased from 219.32 MVAR in the base case to 
449.24 MVAR after removing branch#34 and #35. 
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 Table  4.10 Branch Flow Across the Network Results for Case B 
Branch 
# 
From 
Bus 
To 
Bus 
From Bus Injection To bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
23 8 11 -1618.29 11.90 1631.81 244.35 13.517 287.37 
31 15 12 1521.64 430.08 -1499.77 -70.41 21.865 427.41 
32 15 12 1334.87 373.82 -1315.57 -63.98 19.303 374.9 
33 15 14 1168.25 426.1 -1145.27 -85.4 22.986 449.24 
  
Case C: Reduction of power production of the least Cost generator. 
It is not practical to take a whole power plant for an outage. In real life, electric 
power plant consists of several generating units. Some units could be removed for 
maintenance purposes. In this particular case, the cheapest generation plant was 
chosen to reduce 25% of its maximum production capacity. Table 4.11 shows 
generation data for power system under study. The least cost generation plant is the 
one at bus#15 with a cost of 0.00834$/MWH.  
 
Table  4.11 Generation Data in Power System under Study 
Bus# PG PQ Qmax Qmin Vg Mbase Status Pmax Cost ($/MW) 
3 3000 642 1312 -1096 1.015 100 1 3000 0.02 
6 3500 405.5 2620 -1590 1.045 100 1 3500 0.0175 
11 2700 704.8 1312 -1096 1.03 100 1 2700 0.025 
15 4700 405.5 1230 -870 1.03 100 1 3500 0.00834 
 
OPF results, MCBs and LMPs of case C are shown in table 4.12. 
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 The results show a total generation of 11505.43 MW and 11421 MVAR. The total 
power cost is 560928.16 $/hr (an increase of 33619.38$/hr compared to the base 
case). 
A major economical change has occurred in LMPs prices with an average of 
112.125$/MWH. This is understandable because the forced outage of the cheapest 
generation plant at bus#3 is equal to 875 MW. This led to the selection of more 
expensive ones to compensate the same amount of power that was reduced. The 
compensation was 358.81MW, 408.75 and 301.83 from generators at bus#3, 6 and 
11 respectively. 
Table  4.12 Bus and LMPs Results for Case C 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 1.025 -6.223 - - 151 83 111.066 
2 1.027 -5.562 - - 2400 575 110.926 
3 1.05 *0.0 2691.6 265.12 0 0 109.664 
4 0.965 -1.045 - - 35 205 125.692 
5 1.037 -3.8 - - 1600 500 110.548 
6 1.05 -1.417 3095.12 820.5 0 0 110.079 
7 1.028 -6.486 - - 1140 415 111.114 
8 1.028 -7.637 - - 1155 375 111.366 
9 1.029 -6.661 - - 450 140 111.139 
10 1.03 -14.769 - - 550 107 112.870 
11 1.05 -4.167 2193.71 534.87 0 0 110.686 
12 1.026 -8.972 - - 2030 297 111.729 
13 0.998 -14.798 - - 545 65 113.031 
14 0.99 -14.049 - - 1200 365 112.867 
15 1.05 -1.245 3525 637.42 0 0 110.090 
16 1.024 -6.546 - - 100 50 111.133 
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 Power flow across the network is shown in table 4.13. The results show no system 
security issue regarding overloading or voltage decrease to be considered. 
Table  4.13 Branch Flow Results for Case C 
Branch 
# 
From 
Bus 
To 
Bus 
From Bus Injection To Bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
31 15 12 787.76 109.91 -782.23 -72.07 5.531 108.11 
3 5 2 778.6 198.08 -777.34 -185.24 1.266 26.69 
7 5 6 -772.08 -189.53 773.78 205.13 1.696 34.69 
 
Case D: Global Contingency (Case B and C).  
In this case, both case B and case C are considered together as a global contingency. 
It is a simulation of a worst case scenario that could occur in the system. OPF, MCBs 
and LMPs results are shown in table 4.14. 
 Results show a total generation of 11,537.73 MW and 3,084.09 MVAR and total 
Load of 111,421 MW and 3,177 MVAR. The total cost is 566,830.64$/hr (an 
increase of 39,521.86$/hr compared to the base case). New LMPs average is 
112.7605$/MWH. 
Beside the significant increase of total LMPs, system stability and reliability are in 
major risk done to the following: 
For generation unit at bus#3, the generation increases to 2,829.32 MW and in re-
dispatch stage with 496.35 MW increase in generation. For generation unit at bus#6, 
an increase of power generation of 567.42 MW is observed. Generation unit at 
bus#11 resulted in an increase in power generation of 37.75 MW 
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  On the other hand, generation unit at bus#15 resulted in a decrease in power 
generation of 1075 MW that would be compensated for due in the market re-dispatch 
stage due to the 25 percent decrease. 
The major concern in this case that the results for bus voltages show a large decrease 
in voltage profile of bus#13 with a magnitude of 0.969 p.u. The system security and 
reliability in this case may be compromised and this issue should be resolved. 
Table  4.14 Bus and LMPs Results for Case D 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 1.023 -6.315 - - 151 83 116.706 
2 1.025 -5.652 - - 2400 575 116.556 
3 1.05 *0.0 2829.32 628.32 0 0 115.173 
4 0.962 -1.116 - - 35 205 132.208 
5 1.034 -3.90 - - 1600 500 116.160 
6 1.05 -1.393 3253.79 999.29 0 0 115.663 
7 0.987 -8.761 - - 1140 415 117.512 
8 0.989 -7.567 - - 1155 375 117.244 
9 1.002 -8.142 - - 450 140 117.275 
10 0.986 -15.305 - - 550 107 119.574 
11 1.013 2.286 1929.63 477.08 0 0 97.481 
12 0.999 2.223 - - 2030 297 97.499 
13 0.969 -3.801 - - 545 65 98.748 
14 0.961 -2.939 - - 1200 365 98.589 
15 1.05 15.493 3525 979.40 0 0 95.003 
16 1.022 -6.640 - - 100 50 116.777 
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 Table 4.15 shows branch flow across the network results for Case D. After removing 
branch#35 and branch#34 together, an overloading situation occurred in branch#23 
and branch#31 with 1,613.25 MW and 1,315.86 MW respectively. This will result in 
an increase in major uplift charges. An increase of MW loss in branch#33 is 18.413 
MW comparing to the base case which was 11.222 MW. Furthermore, reactive 
power loss, in the same branch, increased from 219.32 MVAR in the base case to 
359.88 MVAR after removing branch #34 and #35. 
 
Table  4.15 Branch Flow Across the Network Results for Case D 
Branch 
# 
From 
Bus 
To 
Bus 
From Bus Injection To bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
23 8 11 -1613.25 -25.72 1626.56 277.12 13.307 282.91 
31 15 12 1315.86 334.29 -1299.76 -88.04 16.101 314.73 
32 15 12 1154.34 289.85 -1140.12 -79.56 14.214 276.07 
33 15 14 1054.81 355.27 -1036.39 -105.23 18.413 359.88 
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 Table 4.16 shows a summary of the results of the base case and the three different 
scenarios. 
Table  4.16 Summary of Base Case and Contingency Results 
Case Profile 
Gen Cost ($/hr) 
w.r.t Base Case 
LMP’s ($/MWH) MW Losses MVAR Losses 
Base Case 0 97.068 90.2 1,493.57 
Case A +1,356.41 96.379 103.197 1,755.61 
Case B +3,1107.49 104.2073 132.722 2,322.86 
Case C +3,3619.38 112.125 84.426 1,365.33 
Case D +39521.68 112.760 111.421 3177 
 
It can be noticed that in case D the LMP average is slightly more than case C. This 
can be explained due to the generation reduction at bus#15 and  branch# 34 and #35 
are actually carrying power from the same plant. Thus, the total generation from 
bus#15 will not be affected by the outage of the branches connected to it. 
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Chapter 6 
5. APPLICATION OF STATCOM FOR CONGESTION 
ELIMINATION 
5.1 Defining Congestion Elimination Mechanism 
Independent System Operator (ISO) is responsible to resolve any possible congestion 
such that system security and reliability are not in risk. From the mentioned 
contingency analysis results in section 4.2, a solution of system security should be 
found and to maintain economic stability based on transactions made for electric 
power exchange in the MCP stage.  
The solution based on power system expansion should have the following properties: 
1. Enhance power system security and reliability that could be in risk due to 
power exchange. 
2. Maintain Location Marginal Prices with the minimum deviation in case of 
congestion. 
3. Reduce Generation total cost. 
4.  Attract investors to the electric power transmission market by defining 
economic revenues to them. 
The major problem occurred on the contingency analysis in section 4.2 are found to 
be: 
1. Overloading of transmission network branches which resulted in uplift 
charges and re-dispatch stage that affected LMPs. 
2. Voltage profile decrement that would significantly affect power system 
stability and security.  
3. Major increase in LMPs due to generation reduction of lest cost generation 
plant. 
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 The proposed solution is to install a number of STATCOMs in the system under 
study to obtain the mentioned goals. The optimal location and ratings of 
STATCOMs in the transmission network are required in order to get the optimum 
operation conditions of the system subjected to all generation and transmission 
constraints. The objective function on which, the optimal solution is found, is to 
minimize reactive power loss in transmission network.  
5.1.1 STATCOM Installation for Case A 
The results showed that the optimum solution which resolves all problems is to 
install four STATCOMs in the system. Table 5.1 shows the results. The table shows 
different aspects of system results. 
The generation column shows the total power generation produced. As the number of 
STATCOMs increases, the total generation is reduced due to the compensation of 
STATCOMs. The major effect of STSTCOMs installation can be noticed in MVAR 
generation reduction of 899.81 MVAR in the optimum solution. 
Total active and reactive power losses are shown in the second column of the table. 
The optimal solution resulted in 92.745 MW loss and 1,687.16 MVAR. The 
installation of STATCOMs resulted in reducing both real and reactive power losses. 
The last two columns explain economical effects after STATCOM installation. Total 
congestion costs resulted from generation re-dispatch, uplift charges are reduced 
after the installation of STATCOMs. The optimum solution resulted in LMPs 
average of 96.333 and a total cost reduction of 79.76% compared to the no 
STATCOM installation. 
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 Table  5.1 Table 5.1 Results of System Data After Installing Different Number of 
STATCOMs For Case A 
 
Figure 5.1 shows total savings compared to the base case prices after installing 
different number of STATCOMs in the system. It shows that there are major 
improvement after installing the fourth STATCOM has a large deviation resulted in 
reducing the total cost from 394.24$/hr to 1081.93$/hr. On the other hand, after 
installing more than four STATCOMs, no improvement in cost saving is observed . 
Number of 
Installed 
STATCOMs 
Most Loaded Line Removal (Case A) 
Generation Losses 
Cost Diff 
w.r.t No 
STATCOM 
LMP's 
MW MVAR MW MVAR $/hr $/MWH 
1  11522.61 2473.6 101.613 1724.61 165.49 96.406 
2  11521.70 2274.85 100.7 1707.27 296.13 96.579 
3  11520.94 2031.09 99.942 1692.76 394.24 96.719 
4  11513.75 1817.09 92.754 1687.16 1081.93 96.333 
5  11512.01 1838.16 91.006 1684.9 1258.46 96.48831 
6  11512.12 1227.16 91.115 1665.82 1283.72 96.86475 
7  11512.12 1227.16 91.115 1665.82 1269.95 96.85575 
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Figure  5.1 Total Savings w.r.t Base Case After Installing STATCOMs For Case A 
 
 The objective function of installing four STATCOMs in the system is shown in 
figure 5.2 and shows a success in finding the optimum locations and ratings of the 
four STATCOMs with minimizing reactive power loss in the transmission network. 
The results suggested that the four optimum locations of the proposed STATCOMs 
are bus# 4,8,13 and 14.  Results are shown in table 4.13 
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Figure  5.2 Optimization Results for Reactive Power Minimization of Case A 
 
Table  5.2 Optimum Locations and Ratings of STATCOMs for Case A 
Bus#  STATCOM Rating (MVAR) 
Corresponding MVAR 
Loss 
4 180.1050 
1687.2 
8 181.3546 
13 194.1849 
14 194.5337 
 
The difference made by STATCOMs placement in transmission network is 68.4 
MVAR. Bus results are shown in table 5.3. 
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 The results show a total generation of 11,513.75 MW and 1,817.09 MVAR. The new 
total power cost is 527,583.26 $/hr with a decrease of 1,081.93 $/hr (0.2%) in 
comparison with the case without STATCOMs. 
The voltage profile of all buses is enhanced and stable compared to the case of no 
STATCOM.  
 
Table  5.3 Bus and LMPs Results After Installing Four STATCOMS for Case A 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 1.027 -6.456 - - 151 83 97.192 
2 1.029 -5.797 - - 2400 575 97.072 
3 1.05 *0.0 2347 235.83 0 0 95.904 
4 0.996 -6.534 - - 35 205 105.578 
5 1.039 -4.095 - - 1600 500 96.761 
6 1.05 -2.016 2704.55 688.6 0 0 96.409 
7 1.021 -3.494 - - 1140 415 96.822 
8 1.029 -4.337 - - 1155 375 96.458 
9 1.026 -4.908 - - 450 140 97.015 
10 1.031 -11.456 - - 550 107 97.807 
11 1.05 1.382 1861.6 324.26 0 0 94.08 
12 1.032 -0.684 - - 2030 297 93.535 
13 1.044 -6.178 - - 545 65 94.479 
14 1.031 -5.4 - - 1200 365 94.333 
15 1.05 9.965 4600 568.40 0 0 90.648 
16 1.026 -6.778 - - 100 50 97.249 
 
Table 5.4 shows a branch flow across the network results. The results show a clear 
improvement in voltage profiles.  The result of branch flow of the system after 
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 installing STATCOMs in their optimal location showed an overload in branch#34 
with 1,625.74 MW transmission along the line. 
 
 
Table  5.4 Branch Flow Across the Network After Installing STATCOMs for Case A 
Branch 
# 
From 
Bus 
To 
Bus 
From Bus Injection To Bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
34 15 7 1625.74 281.88 -1606.87 53.63 18.87 384.6 
31 15 12 1085.78 110.34 -1075.44 21.18 10.343 202.17 
23 8 11 -1017.9 -118.95 1022.84 189.99 4.94 105.02 
32 15 12 952.45 93.48 -943.32 16 9.131 177.34 
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 5.1.2 STATCOM Installation for Case B 
The results showed that the optimum solution which resolves all problems is to 
install four STATCOMs in the system. Table 5.5 shows the results. The table shows 
different aspects of system results. 
The generation column shows the total power generation produced. As the number of 
STATCOMs increase, total generation is reduced due to the compensation of 
STATCOMs. The major effect of STSTCOMs installation can be noticed in the 
MVAR reducing generation of 852.8 MVAR in the optimum solution. 
Total active and reactive power losses are shown in the second column of the table. 
The optimal solution resulted in 172.804 MW loss and 2,229.16 MVAR. The 
installation of STATCOMs resulted in reducing both real and reactive power losses. 
The last two columns explain economical effects after STATCOM installation. Total 
congestion cost resulted from generation re-dispatch, uplift charges is reduced after 
the installation of STATCOMs. The optimum solution resulted in LMPs average of 
103.7161 and a total cost reduction of 83.96% compared to no STATCOM 
installation. 
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 Table  5.5 Results of System Data After Installing Different Number of STATCOMs 
Number of 
Installed 
STATCOMs 
Removal Of Two Most Loaded Line (Case B) 
Generation Losses 
Cost Diff 
w.r.t No 
STATCOM 
LMP's 
MW MVAR MW MVAR $/hr $/MWH 
1  11552.74 3178.05 131.742 2305.07 564.32 103.9409 
2  11550.94 2927.07 129.945 2271.03 990.16 103.7523 
3  11550.07 2781.05 129.074 2253.71 1031 103.7366 
4  11548.8 2556.64 127.804 2229.16 1138.93 103.7161 
5  11548.07 2400.98 127.069 2216.07 1226.7 103.7028 
6  11547.08 2242.04 126.081 2196.68 1292.77 103.6896 
7  11546.82 2095.26 125.816 2192.39 1300.13 103.6914 
 
Figure 5.3 shows total savings compared to the base case price after installing 
different number of STATCOMs in the system. It shows that the major improved 
after installing the fourth STATCOM has resulted in reducing the total cost from 
1,031$/hr to 1138.93$/hr. on the other hand, after installing more than four 
STATCOMs, the reduction has a slight deviation 
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Figure  5.3 Total Savings w.r.t Base Case After Installing STATCOMs for Case B 
 
The results of the objective function is shown in figure 5.4 and shows a success in 
finding the optimum location and rating of the four STATCOMs with minimizing 
reactive power loss in the transmission network. The results suggested that the four 
locations of the proposed STATCOMs are at bus# 8, 10, 12 and 14. Results are 
shown in table 5.6 
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Figure  5.4 Optimization Results for Reactive Power Minimization for Case B 
 
Table  5.6 Optimum Locations and Ratings of STATCOMs for Case B 
Bus# STATCOM Rating (MVAR) 
Corresponding MVAR 
Loss 
8 197.9684 
2229.2 
10 138.0400 
12 199.6548 
14 143.2863 
 
The difference made by STATCOMs placement is 93.7 MVAR. Bus results are 
shown in table 5.7. The results show a total generation of 11,548.8 MW and 2,556.64 
MVAR. The new total power cost is 557,277.34 $/hr with a decrease of 1,138.93 
$/hr (0.2%) in comparison with the case without STATCOMs.  
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 It is clear that there is a major change of voltage profile of buses bus#13 and bus#14. 
This would be a success in preserving system security in the case of such 
contingency.  
 
Table  5.7 Bus and LMPs Results After Installing STATCOMS For Case B 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 10.24 -6.308 - - 151 83 116.283 
2 1.026 -5.646 - - 2400 575 116.134 
3 1.05 *0.0 2819.15 451.06 0 0 114.766 
4 0.963 -1.123 - - 100 205 131.679 
5 1.035 -3.896 - - 1600 500 115.740 
6 1.05 -1.399 3241.95 927.87 0 0 115.218 
7 1.005 -8.585 - - 1140 415 116.973 
8 1.012 -7.414 - - 1155 375 116.720 
9 1.013 -8.023 - - 450 140 116.776 
10 1.049 -14.636 - - 550 107 118.646 
11 1.017 2.344 1443.04 237.86 0 0 73.152 
12 1.008 4.277 - - 2030 297 72.875 
13 0.984 -1.549 - - 545 65 73.772 
14 0.979 -0.688 - - 1200 365 73.656 
15 1.05 19.636 4044.66 939.86 0 0 70.715 
16 1.023 -6.632 - - 100 50 116.353 
 
The results of branch flow of the system after installing STATCOMs in their optimal 
location show an overload in branch#23 with 1,646.88 MW along the line as shown 
in table 5.8. 
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 Table  5.8 Branch flow Across the Network After Installing STATCOMs for Case B 
Branch 
# 
From 
Bus 
To 
Bus 
From Bus Injection To Bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
23 8 11 -1633.72 146.17 1646.88 101.38 13.166 279.91 
31 15 12 1528.04 327.53 -1506.79 18.96 21.258 415.53 
32 15 12 1340.46 283.86 -1321.69 14.31 18.767 364.49 
33 15 14 1176.16 328.47 -1154.17 -10.50 21.985 429.68 
 
5.1.3 STATCOM Installation for Case C 
The results showed that the optimum solution which resolves all problems is to 
install four STATCOMs in the system. Table 5.9 shows the results. The table shows 
different aspects of system results. 
The generation column shows the total power generation produced. As the number of 
STATCOMs increase, total generation is reduced due to the compensation of 
STATCOMs. The major effect of STSTCOMs installation can be noticed in MVAR 
generation reduction of 552.64 MVAR in the optimum solution. 
The total active and reactive power losses are shown in the second column of the 
table. The optimal solution resulted in 74.664 MW loss and 1,316.02 MVAR. The 
installation of STATCOMs resulted in reducing both real and reactive power losses. 
The last two columns explain the economical effects after STATCOM installation. 
Total congestion cost resulted from generation re-dispatch, uplift charges is reduced 
after the installation of STATCOMs. As a result, STATCOM installation results in 
cost savings. The optimum solution results in LMPs average of 111.65 and a total 
cost reduction of 79.21% compared to no STATCOM installation. 
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 Table  5.9 Results of System Data After Installing Different Number of STATCOMs For 
Case C 
Number of 
Installed 
STATCOMs 
Least Cost Generation Reduction (Case C) 
Generation Losses 
Cost Diff 
w.r.t Base 
Case 
LMP's 
MW MVAR MW MVAR $/hr $/MWH 
1  11504.13 2016.65 83.132 1339.91 142.6 112.0931 
2  11503.6 1815.38 82.601 1329.58 201.04 112.0746 
3  11503.13 1555.54 82.129 1320.53 253.11 112.061 
4  11495.66 1464.01 74.664 1316.02 1074.43 111.65 
5  11495.8 1274.07 74.802 1312.05 1059.235 111.02 
6  11502.40 1169.18 81.403 1307.57 1189.48 110.981 
7  11502.27 1096.32 81.267 1307.05 1348.01 110.347 
 
 
 
Figure  5.5 Total Savings w.r.t Base Case After Installing STATCOMs for Case C 
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 The results of the objective function is shown in figure 5.6 and show a success in 
finding the optimum locations and ratings of the four STATCOMs with minimizing 
reactive power loss in the transmission network. The results suggest that the four 
optimum locations of the proposed STATCOMs are at bus# 4, 8, 13 and 14. Results 
are shown in table 5.10 
 
Figure  5.6 Optimization Results of Reactive Power Loss Minimization For Case C 
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 Table  5.10 Optimum Locations and Ratings of STATCOMs for Case C 
Bus#  STATCOM Rating (MVAR) 
Corresponding MVAR 
Loss 
4 173.8144 
1316.0 
 
 
8 162.4789 
13 148.1339 
14 193.2805 
 
The difference made by STATCOMs placement is 49.3 MVAR. Bus results and 
branch results are shown in table 5.11 and 5.12 respectively. 
The results show a total generation of 1,1495.66 MW and 1,464.01 MVAR. The total 
power cost is 559,853 $/hr with a decrease of 1,074 $/hr (0.2%) in comparison with 
the case without STATCOM. 
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Table  5.11 Bus and LMPs Results After Installing STATCOMS For Case C 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 1.027 -6.205 - - 151 83 110.915 
2 1.029 -5.546 - - 2400 575 110.778 
3 1.05 *0.0 2688.42 178.4 0 0 109.537 
4 0.995 -6.048 - - 100 205 120.691 
5 1.039 -3.790 - - 1600 500 110.407 
6 1.05 -1.409 3091 662.62 0 0 109.949 
7 1.032 -6.470 - - 1140 415 110.967 
8 1.036 -7.614 - - 1155 375 111.212 
9 1.033 -6.640 - - 450 140 110.989 
10 1.038 -14.638 - - 550 107 112.663 
11 1.05 -4.146 2190.83 252.16 0 0 110.541 
12 1.033 -8.923 - - 2030 297 111.562 
13 1.039 -14.494 - - 545 65 112.705 
14 1.029 -13.758 - - 1200 365 112.549 
15 1.05 -1.246 3525 370.83 0 0 109.958 
16 1.026 -6.526 - - 100 50 110.980 
 
Table 5.12 shows the results of branch flow in the transmission network after 
installing STATCOMs in the system. No overloading situation is observed.  
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Table  5.12 Branch Flow Results After Installing STATCOMS for Case C 
Branch 
# 
From 
Bus 
To 
Bus 
From Bus Injection To Bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
31 15 12 786.01 69.8 -780.59 -34.6 5.420 105.94 
3 5 2 779.74 207.36 -778.47 -194.45 1.272 25.80 
7 5 6 -771.2 -151.01 772.85 165.65 1.652 33.78 
 
 
5.1.3 STATCOM Installation for Case D 
The results showed that the optimum solution which resolves all problems is to 
install four STATCOMs in the system. Table 5.13 shows the results. The table shows 
different aspects of system results. 
The generation column shows the total power generation produced. As the number of 
STATCOMs increase, total generation is reduced due to the compensation of 
STATCOMs. The major effect of STSTCOMs installation can be noticed in MVAR 
generation reduction of 552.64 MVAR in the optimum solution. 
The total active and reactive power losses are shown in the second column of the 
table. The optimal solution resulted in 845.39 MW loss and 112.5149 MVAR. The 
installation of STATCOMs resulted in reducing both real and reactive power losses. 
The last two columns explain the economical effects after STATCOM installation. 
Total congestion cost resulted from generation re-dispatch, uplift charges is reduced 
after the installation of STATCOMs. As a result, STATCOM installation results in 
cost savings. The optimum solution results in LMPs average of 112.51. 
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 Table  5.13 Results of System Data After Installing Different Number of STATCOMs For 
Case D 
 
 
 
 
Figure  5.7 Total Savings w.r.t Base Case After Installing STATCOMs for Case D 
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Number of 
Installed 
STATCOMs 
Global Contingency (Case D) 
Generation Losses 
Cost Diff 
w.r.t Base 
Case 
LMP's 
MW MVAR MW MVAR $/hr $/MWH 
1  11535.17 2801.65 114.169 1963.73 413.88 112.6965 
2  11533.37 2533.07 112.372 1929.65 699.26 112.6473 
3  11532.64 2372.24 111.640 1915.68 717.94 112.5115 
4  11532.01 2279.51 111.005 1903.81 845.39 112.5149 
5  11530.70 1894.11 109.700 1879.51 981.92 112.5559 
6  11530.76 2041.90 109.758 1879.07 1139.2 112.5559 
7  11522.88 1610.56 101.876 1876.59 1189.91 112.1826 
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 The results of the objective function is shown in figure 5.8 and show a success in 
finding the optimum locations and ratings of the four STATCOMs with minimizing 
reactive power loss in the transmission network. The results suggest that the four 
optimum locations of the proposed STATCOMs are at bus# 7, 8, 9 and 14. Results 
are shown in table 5.14. 
 
 
Figure  5.8 Optimization Results of Reactive Power Loss Minimization for Case D 
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 Table  5.14 Optimum Locations and Ratings of STATCOMs for Case D 
Bus# STATCOM Rating (MVAR) 
Corresponding MVAR 
Loss 
7 142.8053 
1903.8 
8 162.1790  
9 161.0940  
14 136.0252  
 
The difference made by STATCOMs placement is 49.3 MVAR. Bus results and 
branch results are shown in table 5.15 and 5.16 respectively. 
The results show a total generation of 11,532.01 MW and 2279.51 MVAR. The total 
power cost is 565,985.25 $/hr. 
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 Table  5.15 Bus and LMPs Results After Installing STATCOMS For Case D 
Bus Voltage Generation Load ƛ 
# Mag Angle P(MW) Q(MVAR) P(MW) Q(MVAR) ($/MWH) 
1 1.025 -6.296 - - 151 83 116.382 
2 1.027 -5.636 - - 2400 575 116.235 
3 1.05 0 2821.89 309.41 0 0 114.876 
4 0.965 -1.137 - - 35 205 131.709 
5 1.037 -3.891 - - 1600 500 115.842 
6 1.05 -1.391 3244.92 806.91 0 0 115.322 
7 1.023 -8.533 - - 1140 415 116.994 
8 1.024 -7.391 - - 1155 375 116.762 
9 1.033 -7.991 - - 450 140 116.819 
10 1.025 -14.590 - - 550 107 118.660 
11 1.039 1.986 1940.19 472.67 0 0 98.009 
12 1.016 1.963 - - 2030 297 98.021 
13 0.997 -3.771 - - 545 65 99.171 
14 0.993 -2.944 - - 1200 365 99.015 
15 1.05 15.044 3525 690.52 0 0 95.569 
16 1.024 -6.619 - - 100 50 116.452 
 
 
 
Table  5.16 Branch Flow Results After Installing STATCOMS for Case C 
Branch 
# 
From 
Bus 
To 
Bus 
From Bus Injection To Bus Injection Losses 
MW MVAR MW MVAR MW MVAR 
23 8 11 -1626.8 49.13 1639.45 186.30 12.647 268.87 
31 15 12 1313.84 239.78 -1298.31 -5.79 15.529 303.55 
32 15 12 1152.54 206.96 -1138.83 -7.50 13.709 266.26 
33 15 14 1058.62 243.78 -1041.24 -17.31 17.381 339.70 
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 5.2 Revenue Rate and Congestion Cost Saving 
Since STATCOMs are used in the case of congestion period in the study, the revenue 
ratio is calculated in a ratio of $/hr for each case. Hence, the total payback period 
will be the ratio multiplied by the time duration, which STATCOMs were in service, 
on which the system is under congestion situation. Table 5.13 shows the revenue rate 
of each case of contingency analysis. 
 
Table  5.17 Revenue Rate of Each Case of Contingency Analysis After STATCOM 
Installation 
Congestion Case Revenue Rate ($/hr) 
Removal of Most Loaded Line (Case A) 1081.93 
Removal of Two Most Loaded Lines (Case B) 1138.93 
Minimum Cost Generating Plant Reduction by 
25% (Case C) 
1074.43 
Global Contingency  845.39 
 
The maximum capacity of STATCOM in the study is 200 MVAR. Thus; 
200 MVAR x 50,000 $/MVAR = 10,000,000$ is the cost of one STATCOM 
So, the total capital cost of four STATCOMs = 40,000,000$ 
Thus, the annual cost of STATCOMs based on 20 years of lifetime = 2000,000$ 
Table 5.14 shows Annual Congestion Cost Saving of Each Case of Contingency Analysis 
for installing four STATCOMs in the system under study based on study results. 
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 Table  5.18 Annual Congestion Cost Saving of Each Case of Contingency Analysis 
Congestion Case Annual Congestion Cost Savings ($) 
Removal of Most Loaded Line (Case A) 9,347,875 
Removal of Two Most Loaded Lines (Case B) 9,840,355 
Minimum Cost Generating Plant Reduction 
by 25% (Case C) 
9,2830,75 
Global Contingency 7,304,169 
No Contingency 2,257,200 
 
Although congestion cases occur usually in the power system, they are rectified after 
sometime. So, the state of contingency will not be a continuous state of the system. 
Hence, to calculate an estimation of annual cost saving, a percentage will be assigned 
to each case of the contingency depending on the chance of occurrence. The 
percentage will be divided as the follow: 
- 60 percent for no contingency case. 
- 20 percent for case A. 
- 10 percent for case B 
- 8 percent for case C. and 
- 2 percent for case D. 
The annual congestion saving cost then will be: 
(0.6)x(2257200) + (0.2)x(9,347,875) + (0.1)x(9,840,355) + (0.08)x(9,283,075) + 
(0.02)x(7304169) = 5,096,660$/year. This shows sufficient revenue based on the 
capital cost of desired number of STATCOMs. 
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Chapter 6 
6. STUDIES ON THE APPLICATION OF STATCOM AND 
SVC 
6.1 Comparison between STATCOM and SVC in Congestion 
Management 
In order to assess the performance of STATCOM in congestion management, a 
comparison is made with an alternative type of FACTS, that is: Static Var 
Compensator (SVC). The same approach is used to install SVCs in steady state and 
maintain the operation for the contingency on the same system under study. 
Case A: Removal of Most Loaded Line. 
In this case, the optimum number of STATCOMs is found to be four with a total 
1665.82 MVAR loss. On the other hand, a total of 5 SVCs are required for the same 
case with a 1,711.05 MVAR loss.  
Furthermore, the effect of installing STATCOMs into the system result in saving re-
dispatch cost by 1081.13 $/hr compared to no FACTS installed. However, utilizing 
SVCs in system under study resulted in 972.17 $/hr reduction in generation re-
dispatch prices compared to the case with no FACTS installed. Figure 6.1 shows a 
comparison in total savings after installing STATCOMs and SVCs for case A.  
It can be concluded that it requires more number of SVCs to be installed in the 
network in order to obtain a competitive results with lower number of STATCOMs. 
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Figure  6.1 Effect of STATCOM vs. SVC Installation on Total Cost Reduction For Case A 
 
Case B: Removal of Two Most Loaded Lines. 
In this case, the optimum number of STATCOMs was found to be four with a total 
2229.16 MVAR loss. On the other hand, a total of 6 SVCs installation are required 
for the same case with a 2,272.17 MVAR loss.  
Moreover, the effect of installing STATCOMs into the system result in decreasing 
generation re-dispatch cost by 1138.93 $/hr compared to no FACTS installed. 
However, utilizing SVCs in system under study resulted in 952.06 $/hr reduction in 
generation re-dispatch prices compared to the case with no FACTS installed. Figure 
6.2 shows a comparison in total saving after installing STATCOMs and SVCs for 
case B.  
The decrease in transmission network capacity in this case was due to eliminating the 
most two loaded lines from the grid. This led to overload several branches to 
compensate the eliminated lines. Consequently, a voltage decrement occurs at 
several buses due to the lack of reactive power in the system. This explains the need 
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 to MVAR injection to the system which was more sufficient by utilizing 
STATCOMS.  
 
Figure  6.2 Effect of STATCOM vs. SVC Installation on Total Cost Reduction For Case B 
 
Case C: Least Cost Generation Reduction. 
In case of reducing the generation capacity of the least cost generation plant, the 
optimum number of STATCOMs is found to be four with a total 1316.02 MVAR 
loss. On the other hand, a total of 4 SVCs units in the same case is required  with a 
1,337.4 MVAR loss.  
 The effect of installing STATCOMs into the system result in decreasing generation 
re-dispatch cost by 1074.43 $/hr compared to no FACTS installed. On the other 
hand, utilizing SVCs in system under study result in 998.82 $/hr reduction in 
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Figure  6.3 Effect of STATCOM vs. SVC Installation on Total Cost Reduction For Case C 
 
It can be noticed in Case C that STATCOM and SVC installation have 
approximately the same results. This result can be predicted since in this case the 
effect of reducing generation will result in LMP effect only. No system disturbance 
will occur due to the availability of satisfying generation capacity. 
Table 6.1 shows a summary of the study results for STATCOM and SVC 
comparison for the three cases. 
Table  6.1 STATCOM vs. SVC Comparison Study Results 
Contingency 
Case 
MVAR Loss 
Cost Reduction w.r.t 
No FACTS ($/hr) 
Required Number 
STATCOM SVC STATCOM SVC STATCOM SVC 
Case A 1665.82 1711.05 1081.13 972.17 4 5 
Case B 2229.16 2272.17 1138.93 952.06 4 6 
Case C 1316.02 1337.4 1074.43 998.82 4 4 
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6.2 Comparison of STATCOM Studies in Congestion Management 
[12]  
An approach to maximize the benefits of FACTS installation in power system for an 
efficient solution to congestion management in bilateral electricity markets is 
presented in [12]. Minimizing congestion cost was examined using the optimum 
location and ratings of installing STATCOM and UPFC about congested lines. 
Preliminary results have shown that the method is able to effectively determine the 
optimum location to minimize congestion costs using a 4-bus system. The study case 
has indicated that a STATCOM is a viable economic solution to the congestion 
management problem in bilateral electricity market environments. 
The 4-bus system was under study of congestion management using STATCOM 
devices. The approach used for utilizing STATCOM in congestion management is as 
follows: 
Step 1. Solve congestion management problem without STATCOM. 
Step 2. Active power generation levels and total cost and identification of congested 
lines are determined. 
Step 3. Determine the optimal rating of STATCOM at each location. 
Step 4. Rating of STATCOM, total cost and change in total cost with respect to step 
1 is calculated. 
Table 6.2 shows the results of percentage of reduction of the total cost with respect to 
no STATCOM installed in the system. 
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 Table  6.2 Results for percentage Savings of Total Savings Comparing to no STATCOM 
from [12] 
STATCOM Location 
% Savings in Total 
Cost w.r.t no 
STATCOM 
STATCOM Rating 
(MVAR) 
No STATCOM 0% N/A 
Bus 4 43% 225 
Bus 2 83% 130 
 
On a larger system scale, the results of this thesis show approximately same results 
as reference [12]. The study results show that the congestion cost saving after 
utilizing STATCOMs in a congested transmission  network is about 80%  . Table 6.3 
shows percentage of total cost saving after utilizing STATCOM in the transmission 
network under study with optimum number, location and rating. 
Table  6.3 Thesis results percentage of Savings of Total Cost Compared to no STATCOM 
Congestion Case 
% Saving of Total Cost 
w.r.t no STATCOM 
STATCOM location and 
Rating 
No STATCOM 0% N/A 
Most Loaded Line Removal 79.76% 
4 STATCOMs in different 
Locations with a maximum 
capacity of 200 MVA 
Two Most Loaded Lines 
Removal 
83.96% 
Minimum Cost Generating 
Plant Reduction by 25% 
79.21% 
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 6.3 Reducing the Number of STATCOMs 
Another economical approach is under study is to reduce the number of STATCOMs 
that will be installed. This approach may result in resolving the problem of 
congestion relief besides reducing the capital cost of STATCOMs. As a result, the 
revenue period for investing in the transmission network  will be reduced. 
The optimum solution of contingency analysis was found to be a total number of four 
STATCOMs with a maximum rating of 200 MVAR capacities to be installed in 
different locations. The number of STATCOMs is reduced to two units with 400 
MVAR ratings. The same optimization approach is used to obtain the optimum 
results.  
Although the total MVAR loss is slightly decreased when installing the larger 
STATCOMs, the total cost price has a significant difference between the two cases. 
This indicates that locating STATCOM in a transmission network would result in 
better enhancement in generation re-dispatch stage. Table 6.4 shows a comparison 
between the two cases. 
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 Table  6.4 Comparison between the Effect of Installing 4 STATCOMs with Optimum 
Location and Ratings and two STATCOMs with a Higher Ratings 
Contingency 
Case 
4 STATCOMs with 200 MVAR 
Capacity Each 
2 STATCOMs With 400 
MVAR Capacity Each 
MVAR Loss 
Total Savings 
w.r.t No 
STATCOM 
$/hr 
MVAR Loss 
Total Savings 
w.r.t No 
STATCOM 
$/hr 
Removal of Most 
Loaded Line 
1687.16 1081.93 1713.33 260.56 
Removal of two 
Most Loaded 
Lines 
2229.16 1138.93 2309.91 387.73 
Minimum Cost 
Generating Plant 
Reduction by 25% 
1316.02 1074.43 1328.28 230.69 
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Chapter 7 
7. CONCLUSION AND FUTURE WORK 
7.1  Conclusion  
In this thesis, congestion relief in power transmission network using STATCOM is 
proposed based on technical and economic constraints.  
A case study of a typical real system is used to perform the study. Contingency 
analysis was performed that would be considered by Independent System Operator. 
First, a case of most loaded line removal was examined. A further contingency was 
simulated by the removal of two most loaded lines. Finally, a partial reduction of 
power generation capacity is tested.  
The results show that the Congestion Revenues is forming most of the total 
congestion cost. Total cost savings was found to be 79.76% in removal of most line 
case. In two line removal case, Total cost savings resulted in 83.96% of the total 
congestion cost. In generation reduction case, the Total cost savings were found to be 
79.21% of congestion cost. 
The congestion cost saving is found depending on the time duration that 
STATCOMs were in service. The results showed that in one line removal case the 
cost saving rate is 1,081.93 $/hr. In two lines removal case, the payback rate was 
found to be 1,138.93 $/hr. The payback rate in generation reduction case was found 
to be 1,074.43 $/hr.  
Study results show utilizing STATCOM, in congested network, may be more 
efficient than SVC. The number of used STATCOMs in all cases of contingency 
analysis resulted in four STATCOMs. On the other hand, different numbers of SVCs 
were used depending on the contingency case.  
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 Finally, reducing the number of STATCOMs with a larger capacity did not proof 
efficiency in term of congestion cost minimization. This indicates that the location at 
which STATCOM is installed has a critical effect on system security and reliability. 
7.2 Future Work 
It is recommended in future work to consider FACTS controllers coordination in 
case of congestion. Furthermore, combination of series and shunt compensation 
could result in more efficient results due to the increment of transmission capability 
due to the series compensation. Also, further factors could be considered in 
congestion costs such as environmental effects, such as CO2 emissions costs and 
different type of fuel pollution costs. Furthermore, other factors could be considered 
in transmission uplift charges like transformer overloading, which would affect 
transformer lifetime. Moreover, the strategic bid by independent power producers is 
of great impact on the congestion costs. 
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 9. APPENDIX A 
BUS DATA 
 
 
GENERATOR DATA 
 
Bus# Pg Pq Qmax Qmin Vg Mbase Status Pmax Cost ($/MW) 
3 3000 642 1312 -1096 1.015 100 1 3000 0.02 
6 3500 405.5 2620 -1590 1.045 100 1 3500 0.0175 
11 2700 704.8 1312 -1096 1.03 100 1 2700 0.025 
15 4700 405.5 1230 -870 1.03 100 1 3500 0.00834 
 
 
 
# Type Pd Qd Vm Va Base KV Vmax Vmin Zone 
1 1 151 83 1.02 -4 380 1.05 0.95 1 
2 1 2400 575 1.01 -4.2 380 1.05 0.95 1 
3 3 0 0 1.04 0 380 1.05 0.95 1 
4 1 35 205 1.04 -2.7 380 1.05 0.95 1 
5 1 1600 500 1.02 -2.7 380 1.05 0.95 1 
6 2 0 0 1.03 -0.5 380 1.05 0.95 1 
7 1 1140 415 1.03 -5.8 380 1.05 0.95 1 
8 1 1155 375 1.02 -7.2 380 1.05 0.95 1 
9 1 450 140 1.03 -5.8 380 1.05 0.95 1 
10 1 550 107 1.03 -14.8 380 1.05 0.95 1 
11 2 0 0 1.03 -3.5 380 1.05 0.95 1 
12 1 2030 297 1.02 -4.8 380 1.05 0.95 1 
13 1 545 65 1.02 -11.3 380 1.05 0.95 1 
14 1 1200 365 1.03 -11.2 380 1.05 0.95 1 
15 2 0 0 1.04 -3.7 380 1.05 0.95 1 
16 1 100 50 1.02 -4.1 380 1.05 0.95 1 
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 BRANCH DATA 
# From Bus 
To 
Bus R X B 
Rate 
MVA Ratio Angle Status 
Ang 
min 
Ang 
max 
1 1 16 0.00059 0.01192 0.35210 1650 1 1 1 -360 360 
2 1 16 0.00059 0.01192 0.35210 1650 1 1 1 -360 360 
3 5 2 0.00021 0.00426 0.12065 1650 1 1 1 -360 360 
4 5 2 0.00021 0.00426 0.12065 1650 1 1 1 -360 360 
5 5 3 0.00121 0.02446 0.72260 1650 1 1 1 -360 360 
6 5 3 0.00121 0.02446 0.72260 1650 1 1 1 -360 360 
7 5 6 0.00029 0.00593 0.17540 1650 1 1 1 -360 360 
8 5 6 0.00029 0.00593 0.17540 1650 1 1 1 -360 360 
9 5 6 0.00029 0.00593 0.17540 1650 1 1 1 -360 360 
10 5 6 0.00029 0.00593 0.17540 1650 1 1 1 -360 360 
11 5 4 0.00144 0.02908 0.85910 1650 1 1 1 -360 360 
12 5 4 0.00144 0.02908 0.85910 1650 1 1 1 -360 360 
13 5 9 0.00129 0.02610 0.77170 1650 1 1 1 -360 360 
14 5 9 0.00129 0.02610 0.77170 1650 1 1 1 -360 360 
15 2 3 0.00117 0.01920 0.66605 1650 1 1 1 -360 360 
16 2 3 0.00117 0.01920 0.66605 1650 1 1 1 -360 360 
17 2 1 0.00050 0.00972 0.34110 1650 1 1 1 -360 360 
18 2 1 0.00050 0.00972 0.34110 1650 1 1 1 -360 360 
19 14 13 0.00059 0.0116 0.40932 1650 1 1 1 -360 360 
20 8 3 0.00148 0.02432 0.84320 1650 1 1 1 -360 360 
21 8 10 0.00242 0.04752 1.66760 1650 1 1 1 -360 360 
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 22 8 10 0.00242 0.04752 1.66760 1650 1 1 1 -360 360 
23 8 11 0.00050 0.01063 0.31440 1650 1 1 1 -360 360 
24 8 7 0.00021 0.00427 0.12630 1650 1 1 1 -360 360 
25 9 7 0.00076 0.01549 0.45770 1650 1 1 1 -360 360 
26 9 7 0.00076 0.01549 0.45770 1650 1 1 1 -360 360 
27 3 7 0.00153 0.03098 0.91540 1650 1 1 1 -360 360 
28 11 12 0.00100 0.01820 0.62940 1650 1 1 1 -360 360 
29 11 12 0.00100 0.01820 0.62940 1650 1 1 1 -360 360 
30 11 14 0.00160 0.3230 0.95420 1650 1 1 1 -360 360 
31 15 12 0.00095 0.01857 0.65186 1650 1 1 1 -360 360 
32 15 12 0.00109 0.02117 0.62613 1650 1 1 1 -360 360 
33 15 14 0.00158 0.03088 1.08390 1650 1 1 1 -360 360 
34 15 7 0.00076 0.01549 0.45770 1650 1 1 1 -360 360 
35 15 7 0.00076 0.01549 0.45770 1650 1 1 1 -360 360 
36 13 12 0.00122 0.02398 0.84137 1650 1 1 1 -360 360 
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